ABSTRACT The cytoplasmic surface of the BR (initial) state of bacteriorhodopsin is characterized by a cluster of three carboxylates that function as a proton-collecting antenna. Systematic replacement of most of the surface carboxylates indicated that the cluster is made of D104, E161, and E234 (Checover, S., Y. Marantz, E. Nachliel, M. Gutman, M. Pfeiffer, J. Tittor, D. Oesterhelt, and N. Dencher. 2001. Biochemistry. 40:4281-4292), yet the BR state is a resting configuration; thus, its proton-collecting antenna can only indicate the presence of its role in the photo-intermediates where the protein is re-protonated by protons coming from the cytoplasmic matrix. In the present study we used the D96N and the triple (D96G/F171C/F219L) mutant for monitoring the proton-collecting properties of the protein in its late M state. The protein was maintained in a steady M state by continuous illumination and subjected to reversible pulse protonation caused by repeated excitation of pyranine present in the reaction mixture. The re-protonation dynamics of the pyranine anion was subjected to kinetic analysis, and the rate constants of the reaction of free protons with the surface groups and the proton exchange reactions between them were calculated. The reconstruction of the experimental signal indicated that the late M state of bacteriorhodopsin exhibits an efficient mechanism of proton delivery to the unoccupied-most basic-residue on its cytoplasmic surface (D38), which exceeds that of the BR configuration of the protein. The kinetic analysis was carried out in conjunction with the published structure of the M state (Sass, H., G. Bü ldt, R. Gessenich, D. Hehn, D. Neff, R. Schlesinger, J. Berendzen, and P. Ormos. 2000. Nature. 406:649 -653), the model that resolves most of the cytoplasmic surface. The combination of the kinetic analysis and the structural information led to identification of two proton-conducting tracks on the protein's surface that are funneling protons to D38. One track is made of the carboxylate moieties of residues D36 and E237, while the other is made of D102 and E232. In the late M state the carboxylates of both tracks are closer to D38 than in the BR (initial) state, accounting for a more efficient proton equilibration between the bulk and the protein's proton entrance channel. The triple mutant resembles in the kinetic properties of its proton conducting surface more the BR-M state than the initial state confirming structural similarities with the BR-M state and differences to the BR initial state.
INTRODUCTION
The photocycle of bacteriorhodopsin is one of the beststudied light-driven biochemical reactions. The mechanism is interpreted as a combination of three events: the isomerization of the retinal residue (all-trans to 13-cis), a change in the protein that alters the connectivity between the Schiff base and the bulk phase from an extracellular facing structure to a cytoplasmic connected conformation (switch), and a proton transfer reaction that is driven by a set of pK shifts that propagate along the proton-conducting channel of the protein (Dencher et al., 2000; Haupts et al., 1997; Lanyi, 1998; Lanyi and Pohorille, 2001; Oesterhelt, 1998; Brown et al., 1998) .
The best-observed feature of the photocycle is the protonation state of the Schiff base and its absorption spectrum. In the protonated state, the retinal has its maximal absorption around 570 nm and it varies with the state of protonation of residues, such as D85 and D212, that are close enough to modulate the energy of the electronic transition of the chromophore. Residues that are Ͼ8 -10 Å away from the Schiff base (for example, D96) are too remote and their state of protonation is measured by FTIR spectroscopy. In the de-protonated state of the Schiff base the chromophore has a maximal absorbance at ϳ410 nm, and the spectral difference between the various conformations of the M state are very small Lanyi, 1990, 1991a, b; Radionov and Kaulen, 1997) .
In contrast with the state of protonation of the Schiff base, conformation of the protein is more difficult to deduce and progress was gained by a variety of physical methods such as FTIR (Chon et al., 1996; Heberle et al., 2000; Kandori et al., 1999; Rödig and Siebert, 1999; Sass et al., 1997; Zscherp et al., 1999) , electron spin resonance (Mollaaghababa et al., 2000; Steinhoff et al., 1999 Steinhoff et al., , 2000 Thorgeirsson et al., 1997; Xiao et al., 2000) , proton pulse (Checover et al., , 2001 Nachliel and Gutman, 1996; Nachliel et al., 1996b Nachliel et al., , 1997 , and structural studies (Dencher et al., 2000; Henderson et al., 1990; Koch et al., 1991; Lanyi, 1999; Luecke et al., 1999a, b; Mueller et al., 1995; Oesterhelt et al., 2000; Pebay-Peyroula et al., 1997; Sass et al., 1998; Subramaniam et al., 1993) . However, even to date, some interconnecting loops, especially of the cytoplasmic surface, are poorly resolved. The last 16 -18 residues at the CЈ-terminal end of the protein are probably too loose to attain a coherent conformation during the crystal-lization and have not yet been resolved. The major conformational transition associated with the photocycle coincides with the M 1 to the M 2 step, where helices G and F exercise a transmembranal motion with enhanced hydration of the protein (Oka et al., 1999; Royant et al., 2000; Varo and Lanyi, 1995; Weik et al., 1998; Xiao et al., 2000) . This structural transition is possible only in the presence of free water molecules (Dencher et al., 2000) ; at relative humidities below 75%, e.g., 57%, the protein can release the Schiff base proton to D85, but the conformational change associated with the M 2 formation does not materialize (Weik et al., 1998) .
The mechanism of proton transfer reactions between the Schiff base and its immediate acceptor (D85) and donor (D96) are well-recognized, as the reaction is spectrally detectable. The proton transfer from the Schiff base to D85 is the first step of the proton pumping machinery and appears as the replacement of the BR spectrum by that of the deprotonated one, the M state. The elimination of the negative charge of D85 drives a sequence of pK shifts leading to release of proton from the proton releasing domain, associated with E204, E194, and water molecules in their neighborhood (Brown et al., 1995; Hatanaka et al., 1996; Pfeiffer et al., 1999; Richter et al., 1996; Ruediger et al., 1997; Tanio et al., 1999) . In a similar mode, the reprotonation of the Schiff base by the proton from D96 marks the M decay. Besides these two events, the intraprotein proton transfer is less recognized. The re-protonation of D96 consists of the later steps of the photocycle (Cao et al., 1991; Otto et al., 1989; Varo and Lanyi, 1991a) in a reaction that has a surprisingly slow dynamics and is regulated by the chemical potential of the water in the reaction system. The protonation of D96 necessitates a proton transfer from the nearest carboxylate, D38 (Riesle et al., 1998) , which in the BR state is 11.6 Å apart, while in the M state it is closer (10.9 Å; Sass et al., 2000) .
Following the re-protonation of D96, the protein reacts with the bulk phase and the process is commonly recorded as deprotonation of a pH indicator that is either soluble or bound to the protein (Checover et al., , 2001 Heberle and Dencher, 1992; Heberle et al., 1993; Nachliel et al., 1996b) . The re-protonation of the protein's surface with the bulk proceeds through diffusion-controlled reactions, either with free protons or with protonated buffer molecules in the bulk. The mechanism was intensively investigated by Gutman and co-workers (Checover et al., , 2001 Nachliel and Gutman, 1996; Nachliel et al., 1996b Nachliel et al., , 1997 Sacks et al., 1998) who used the laser-induced proton pulse technique for resolving the proton transfer reactions on the protein's surface. In these experiments a purple membrane suspension was subjected to rapid successive proton pulses, and the rate of proton transfer between the protein's surface and the pyranine anion was monitored with microsecond resolution. The rigorous analysis of the signals yielded a set of rate constants indicating that the BR state of the protein is characterized by a proton-collecting antenna located on its cytoplasmic surface. The elements of the system consist of three carboxylates (D104, E161, and E234) that form a tight cluster with a rather high pK value (5.5) that reacts with free protons at a rate constant of k ϭ 5.5 ϫ 10 10 M Ϫ1 s
Ϫ1
. This rate constant is significantly larger than that of an isolated carboxylate on a low dielectric surface, and indicates a merging of the Coulomb cages of more than two carboxylates. The cluster is close enough to D36 and D38 to serve as a local proton reservoir that delivers the proton with a virtual second-order reaction of k Ͼ 10 10 (Sacks et al., 1998) . As was revealed by the study of Hubbell and coworkers (Mollaaghababa et al., 2000) and Rödig and Siebert (1999) , the M state of the protein exhibits a new organization of the surface groups. Thus, it is of interest to find out whether the proton collecting function of the surface is different in the M state.
For this purpose we used two mutants in the present study, D96N and the triple mutant (D96G/F171C/F219L). The first one can be readily pumped into the late M state (M N ) by constant illumination Kaulen 1997, 1999; Zimanyi et al., 1992; Muneyuki et al., 1999; Subramaniam et al., 1999) . The triple mutant has a lower tendency to accumulate in the M state due to changed rate constants of rise and decay (Tittor et al., 2002) and unless the actinic light is very intense, the protein retains its BR state of the chromophore, while its structure resembles the late M configuration (Subramaniam et al., 1999) .
The measurements described in the present study indicate that the late M configuration of the protein exhibits a proton-collecting system that differs in its components but not in functionality from that observed for the BR state of the protein, and exhibits improved proton equilibration with the bulk.
MATERIALS AND METHODS
The kinetic measurements were carried out as detailed in Checover et al. (1997 Checover et al. ( , 2001 ) and Nachliel et al. (1996b) . The reaction mixture was constantly mixed by a small magnetic disk and its pH was monitored. In cases where the pH was drifting, small aliquots of HCl or NaOH were added to maintain the pH within Ϯ0.04 units at the initial value. During the kinetic measurements the D96N sample was maintained in the M state by continuous illumination by a focused beam of a slide projector (150 W) filtered by a cutoff filter ( Ն 520 nm).
The sample was irradiated by the third harmonic frequency of an Nd/Yag laser ϭ 335 nm 1.5-1.8 mJ/pulse 3 ns FWHM at a rate of 10 Hz. The probing light was the 458 nm band (for monitoring the pyranine) or the 528 nm band (for monitoring the photon-triggered M3 BR transition) of a CW argon laser. The extinction coefficients were 24,000 and 37,000 M Ϫ1 cm Ϫ2 , respectively.
Preparation of the sample for measurement
The purple membranes were suspended in 30 ml unbuffered 150 mM NaCl solution and spun down by centrifugation. The process was repeated three times to remove all buffers from the reaction mixture. The final suspended membrane was supplemented by pyranine, placed in the measuring cuvette, and purged by water-saturated N 2 gas for 15 min before initiation of the experiment. The purging continued throughout the whole experimental period. A pyranine solution in 150 mM NaCl was treated by the same procedure, and through its kinetic analysis the residual content of dissolved CO 2 was determined. The same concentration of CO 2 was assumed to be present in the membrane suspension. Analysis of the signal was carried out as described in Checover et al. (2001) and the kinetic parameters used to reconstruct the WT dynamics are given in Table 1 .
RESULTS AND DISCUSSION

Kinetics of relaxation of the pyranine signals
The rate-limiting step of the D96N photocycle is the reprotonation of the Schiff base, leading to accumulation of the M state during continuous illumination. Time-resolved measurements, using either FTIR or spin-labeling techniques (Sasaki et al., 1992; Mollaaghababa et al., 2000, Rödig and Siebert, 1999) had indicated that the accumulated state of the protein is characterized by a special conformation that appears at a slower rate than the formation of the absorbance of the deprotonation Schiff base, thus a special conformation state had been assigned to the deprotonated form accumulated under these conditions and is termed M N . In the present study the accumulation of this state was ensured by illuminating the measuring cell by a green ( Ն 520 nm) light source, which caused a total bleaching of the 568 nm absorbance of the solution with subsequent accumulation of absorbance at 410 nm. As the kinetic measurements were carried out with unbuffered solution, it was readily noticed that, when the light was turned on, the solution exhibited a small but resistant acidification (0.1-0.05 pH unit) that was perfectly reversible when the light was turned off. Additional illumination with the probing light ( ϭ 458 nm) did not affect the measured pH changes, indicating that the steady state of M-BR was not altered by the probing light. Fig. 1 depicts three relaxation dynamics; the steepest one (labeled Py) was measured with pyranine dissolved in 150 mM NaCl and is characterized by a typical non-exponential relaxation curve. The initial phase is rapid, but after ϳ5-7 s the reaction becomes much slower. The fast phase corresponds with the diffusion-controlled reaction between the pyranine anion and the free proton. The slower phase is due to the presence of a marginal concentration of bicarbonate that traps some of the released protons and transfers it to the pyranine anion in a collisional reaction. The curve labeled The listed values reconstruct 14 independent measurements carried out at varying pH values with 6.4 M protein, 45.1 M pyranine, and 150 mM NaCl. Data taken from Checover et al., 2001 . *Denotes the number of carboxylates having the same features.
FIGURE 1 The re-protonation kinetic of pyranine following pulse dissociation. The experiment were carried out as described in Methods. Curve Py was measured in the absence of any addition and corresponds with the re-protonation of the incremental pyranine anion generated by the photo dissociation of the dye. Curve D96N was measured under the same conditions in the presence of 6.3 M of D96N that was irradiated by a focused beam of a 100 W lamp ( Ն 520 nm). Curve WT is the reconstruction of the WT protein, by the parameters listed in Table  1 , under the precise experimental conditions of curve D96N. The inset depicts the regeneration dynamics of the BR initial state caused by the excitation of the M state chromophore by the laser pulse.
D96N was recorded in the same solution when supplemented by 7.3 M of D96N mutated BR, which was converted to its M state by continuous illumination with green light. In this experiment the fast initial relaxation is almost missing, indicating that the proton-binding sites on the protein's surface effectively compete with the pyranine anion for the free proton. The slower phase corresponds with a mixed relaxation process where some of the protein-bound protons are released to the bulk by a dissociation reaction, while those attached to more basic proton binding sites are transferred to the dye by collisional proton transfer. For a detailed discussion of the mechanism see Checover et al. (2001) . The curve labeled WT in Fig. 1 is a reconstruction of the pyranine signal using the same initial conditions and the parameters of the WT protein as listed in Table 1 . It is clear that the retaining power of the BR state of the WT protein is significantly larger than that of the mutant. The buffer capacity of a protein, determined by proton pulse measurements, is a function of the rate constant at which the surface proton binding sites react with free protons and their pK values, which are parameters determined by kinetic analysis. Because of the suspected difference between the buffer capacity of the WT and the mutated protein, it was imperative to determine the fraction of the BR initial state that was regenerated by photons absorbed by the M state (Haupts et al., 1996; Nagel et al., 1998; Oesterhelt et al., 1992; Tittor et al., 1994) . Accordingly, the measurements were repeated using a measuring beam of ϭ 528 nm, where the M-to-BR transition is characterized by a differential extinction coefficient of ⑀ (BR-M) ϭ 33,700 M Ϫ1 cm Ϫ1 that was calculated from the spectra of D96N (Miller and Oesterhelt, 1990) . The recorded optical transient corresponded with 0.2 Ϯ 0.04 M of BR generated by the exciting laser pulse. In the range 6.7 Յ pH Յ 8.7 the amount of the regenerated BR initial state was independent of the pre-pulse pH and of the presence of pyranine in the reaction mixture. This amount was ϳ5% of the total protein concentration and constant for the BR concentrations used in the present experiment. The regeneration of the BR state had a rise time of ϳ 300 -400 ns. A millisecond follow-up of the absorbance at 528 nm indicated that the increment of BR was constant in time and was removed from the observation space through dilution by the magnetic stirring. Because of the rather small increment of the BR initial state, its contribution to the buffer capacity of the system was not included in the kinetic analysis.
Kinetic analysis
The kinetic analysis of the signal consists of in silico reconstruction of the observed signal, where the input system is a set of coupled differential rate equations that corresponds to all proton transfer reactions proceeding in the reaction space. The rate constants of all proton transfer reactions are the adjustable parameters (Bransburg et al., 2000; Checover et al., 2001; Gutman, 1984 Gutman, , 1986 Gutman and Nachliel, 1990; Gutman et al., 1985; Nachliel et al., 1996a) .
The reconstruction of the measured signal was initially attempted by the parameters characterizing the WT protein whose cytoplasmic surface is characterized by four reactive elements (see Table 1 ): 1) the carboxylate of D38, which is partially exposed to the bulk and functions as the highest unoccupied proton binding site on the surface; 2) the carboxylate of residue D36, which is fully exposed to the bulk. Due to the proximity between the two residues (8.2 Å), D36 functions as an efficient proton donor to D38 with a very fast virtual second-order rate constant; 3) a cluster of three carboxylates (D104, E161, and E234 (Checover et al., 2001) that are close enough to function as a single, proton-attractive site that delivers protons to D36 and D38; 4) the fourth reactive element of the surface is a carboxylate located on the extracellular surface of the protein. Its contribution to the dynamics is rather small and will not be discussed in the present study. All other bulk-accessible residues of the protein make a negligible contribution to the dynamics, probably because their pK values are sufficiently low (pK Յ 4). Such groups, once protonated, retain the bound proton for a time shorter than 1 s (Gutman and Nachliel, 1990) , which is too short to modulate the magnitude and shape of the pyranine re-protonation dynamics.
As seen in Fig. 1 curves D96N and WT, the solution suitable for the BR initial state of the WT protein was inadequate for the reconstruction of the transient measured with the D96N-M state protein. A further attempt to reconstruct the signals of the D96N-M state protein was based on the reaction pathway of the BR-WT system (cluster D36/ D38), while modulating the pK values and the rate constants of the proton transfer reactions. As shown in Fig. 2 A, neither the modulation of the pK of the cluster, its rate of reaction with free proton (panel B), nor the pK of D38 (panel C) could retrace the signal measured with the D96N-M state. Modulation of the number of carboxylates (panel D) making the cluster was also insufficient for reconstructing the D96N-M state dynamics. These attempts indicate that a different pathway of proton transfer reactions characterizes the dynamics measured with the D96N-M state. Considering that the motion of the G and F helices affected the surface organization of the M structure, a new solution was looked for.
Instead of carrying out a de novo search over the whole parameter space, we adopted a strategy of correlating the kinetic analysis with the published structure of the cytoplasmic surface of the M state of the protein. Of the available M state PDB files (1C8S, 1DZE, 1F4Z, 1CWQ), we preferred that of Sass et al. (2000) , as it reveals almost all residues on the cytoplasmic surface, except residues from 240 to 247 (at the tip of the C-terminal domain). Fig. 3 depicts the cytoplasmic face of the M structure of bacteriorhodopsin as derived from the crystal structure. At present, as long as the solution structure of the protein is still unresolved, we shall base all our evaluation on that structure. In this figure D38 is colored in yellow and its carboxylate carbon, like those of all other marked carboxylates, is emphasized in black. D38 is inserted in a hydrophobic pocket that is emphasized in white, and its oxygen atom of the carboxylate moiety is 4 Å from the nitrogen atom of K41 (ϳ1 Å closer than in the BR state of the WT protein). This proximity might stabilize the structure through a salt bridge. There are two proton-conducting tracks leading toward D38. One pathway consists of D36, which is 8.2 Å from the carboxylate of D38 and is adjacent to the carboxylate of E237 (2.6 Å apart). The separation between the carboxylates along this pathway is comparable with the width of one or two solvation layers. Such proximity is suitable to sustain a fast proton transfer reaction, as was noticed between the proton binding sites of fluorescein (Sacks et al., 1998) . The second proton-conducting track, colored in green, consists of D102 and E232. The D38-D102 separation (carboxylate to carboxylate) is 6.3 Å. The carboxylates of D102 and E232 are 4.8 Å apart. The cyancolored carboxylates (E161 and E234) appear to form another proton-attractive pair that are 4.2 Å apart but are not well connected to D38. The distances between these residues in the BR state and the M state, based on PDB file 1cwq, is given in Table 2 . Comparison to the compiled data indicates that in the M state the carboxylates are in a more condensed configuration, an arrangement that enhances the probability of efficient proton transfer between the nearby sites (Sacks et al., 1998) .
The reconstruction of the transient measurements, recorded with the D96N-M state protein, was carried out in compliance with the structural features. The most basic unoccupied proton binding site of the protein, whose reaction with free pyranine is extremely slow, was identified as D38, confirming results of previous studies (Checover et al., , 2001 Nachliel and Gutman, 1996; Nachliel et al., 1996b Nachliel et al., , 1997 . The two proton conducting tracks, D102ϩE232 and D36ϩE237, were allowed to have a pK value that ranged from 4 to 7 and their rate constant of proton exchange with D38 was set to vary from 10 8 to 10 12 .
FIGURE 2 Comparison between the D96N-M state signal and reconstructed curves generated by the WT parameters. The experimental signal was measured at pH 6.97 and reconstructed by the reaction pathway of the BR initial state of the WT protein with modification of the parameters. (A) Reconstructed dynamics when the pK of the cytoplasmic cluster is varied from 6.0, 5.7, and 5.4 (lines 1, 2, and 3, respectively). In (B) the rate constant of protonation of the cytoplasmic cluster was varied from 10 10 to 2 ϫ 10 10 and 6 ϫ 10 10 M Ϫ1 s Ϫ1 . In (C) the pK of the highest unoccupied base, identified with D38, was varied from 6, 6.5, and 7. (D) How the number of carboxylates in the cluster set consisting of one carboxylate (line 1), three carboxylates (line 2), and five carboxylates (line 3) affects the shape of the reconstruction curve.
FIGURE 3 The cytoplasmic surface of the M state model of bacteriorhodopsin (PDB file 1CWQ, Chain B). Residue D38 is colored in yellow; D36 and D237 are in orange; D102 and E232 are in green, and residue E234 and E161 are in cyan. For clarity the carboxylate's carbon atom of these residues is marked in black. Residues P37 and F42 and l99 are colored in white. For the distance between the residues in the BR state and the M state, see Table 2 .
The upper limit corresponds with proton transfer between well-connected sites, where the donor and acceptor may share a common water molecule in their solvation shell. The lower value does not imply any connectivity between the reactants. The rate of the protonation of the two tracks by free protons was allowed to vary from 5 ϫ 10 8 to 5 ϫ 10
, a range that extends from above the maximal rate according to the Debye-Smoluchowski equation, down to ϳ1% of this value. Within this parameter space we looked for a set of parameters that will reconstruct all experimental recordings with no systematic deviations.
The kinetic analysis of a complex system, such as a protein, necessitates that all protein molecules will be in the same conformation, and only one proton will probe the protein's surface. Under these restrictions, the response of the protein is stochastic; the initial state of all protein molecules is the same, and there is no cross-correlation between the molecules. Exposing a protein molecule to more than one proton implies that the first proton will affect the reactivity of the protein with the second. In the same sense, when the protein population exists in more than one state of protonation, there is a possibility that the analysis will yield average values, which are specific for the composition of the population at the pH of measurements. For this reason the analysis is initiated by reconstructing the signals measured at the high end of the pH range, assuming that above pH 8 all surface carboxylates will be ionized while the more basic residues, like the lysine and tyrosine moieties, will be in their fully protonated state. Indeed, in the high range 6.9 Յ pH Յ 8.25, a single set of parameters was obtained that accurately reconstructed all signals gathered in that range. On lowering the pH of the measurements, some of the carboxylates are protonated and the homogeneity of the protein population is lost. Indeed, below pH 6.9 the consistency of the solution was lost, suggesting that we have a mixture of states that varies their proportion with the pH. Therefore, no attempts were made to investigate the kinetics at pH values lower than 6.9.
The set of parameters that accurately reconstructed 25 independent experimental records, all measured in the pH range where the protein exists as one population, is given in Table 3 , and the fitting of the curves is depicted in Fig. 4 . The two panels depict the reconstructed dynamics at two extreme pH values. Fig. 4 A corresponds with a measurement carried out at pH 6.97, where the pyranine is below its pK value and most of it is in the OH state, ensuring a high yield of released protons. At this pH, the carboxylate of D38 is largely deprotonated and functions as the unoccupied proton-binding site on the protein with the highest pK. The experimental signals, together with the reconstructed curve, are presented at two levels of time resolution: 250 s (main panel) and 50 s (inset). Fig. 4 B depicts the reconstruction of the signal measured at pH 8.25, where the dissociation of the OH in the ground state lowers the magnitude of the perturbation and accelerates the relaxation due to the higher abundance of the pyranine anion. Accordingly, the signals differ in amplitude and relaxation time, yet both of them and 21 signals measured in the intermediate pH range and at different protein/pyranine ratios are reconstructed by the same set of parameters (Table 3) .
The parameters listed in Table 3 compose the minimal system capable of reconstructing all experimental observations. A higher number of reactive residues will increase the complexity of the system with no gain in the accuracy of the reconstruction or understanding of the system.
The unoccupied proton-binding site with the highest pK has a value of 6.4; its rate constant for the reaction with free protons is ϳ10% of the rate of a diffusion-controlled reac- The values were measured from the structure of Sass et al. (2000; PDB entry 1cwq) . Distances that are discussed in detail are marked in bold. The indicated distances are between carbon atoms of the carboxylates. tion and it is practically inaccessible to pyranine anion. Based on these properties we identify it with D38. The other proton-binding sites are two pairs of carboxylates having pK values of 5.3 and 4.8, defined as tracks 1 and 2, respectively. Both tracks have comparable rate constants for reaction with free protons and pyranine anions, but differ in the rate constant for proton transfer to D38. According to the rate constants, track 2 is better-connected with D38, but considering the same minimal distance between D38 and D36 and D232, respectively, there is no way to identify the track with the residues.
The mechanism of surface proton transfer Table 3 . Both tracks, 1 and 2, react with free protons at the same rate constants, yet as the rate of proton exchange between track 2 and D38 is faster than the other, and the ⌬pK values also favor track 2 as a donor, the depletion of the protonated state of track 2 is faster and its maximal amplitude is smaller.
The accumulation of protons on track 1 has the same initial velocity, but its deprotonation is almost twice as slow. The combination of the two accessory systems leads to protonation of D38 within ϳ20 s, even that by itself this residue is hardly accessible to the bulk; its rate of reaction with free proton is ϳ10% of the rate predicted by the Debye-Smoluchowski equation and pyranine hardly accepts protons from D38 (see Table 3 ). The limited access of pyranine to the opening of the proton-conducting channel also extends the dwell time of protons on D38 up to ϳ 100 s. The combination of a fast protonation of D38 and limited accessibility to soluble proton acceptors ensures efficient delivery of protons to the proton-conducting channel. A scheme of this discussed proton transfer pathways is presented in Fig. 6 .
The protonation dynamics of the triple mutant
The triple mutant (D96G/F171C/F219L; Subramaniam et al., 1999 ) is characterized by a ground state structure that resembles the late M state of the WT bacteriorhodopsin. The intensity of light source used in the present study did not produce an appreciable transient absorbance at 410 nm, and it was assumed that the protein remained mostly in its ground state. The triple mutant membranes were suspended in 150 mM NaCl and, in the presence of 23 M pyranine, subjected to proton pulse experiments, but without background illumination. The transient formation of the pyranine anion, its subsequent re-protonation, and the reconstructed curves are depicted in Fig. 7 .
The strategy of analysis was to start the process at high pH values and to proceed toward lower values until the pH independence of the parameters was lost. In the range 7.7 Յ pH Յ 8.1, a single set of parameters (listed in Table 4 ) that fitted 14 independently measured signals was obtained. Below pH 7.7 the set of parameters became pH-dependent and continued to vary down to pH 6.2. Therefore, no attempt was made to analyze the variable range of the solution.
The pH-independent solution of the triple mutant system is similar in nature to that of the D96N-M state protein.
There is one residue that functions as the most basic, unoccupied proton binding site, and this residue is poorly exposed to the bulk. Besides, there are two proton-conducting tracks leading to it. The difference between the triple mutant and D96N-M state is in the pK values and the rate constants of the proton transfer reactions. The pK of the most basic, unoccupied proton-binding site of the triple mutant is higher than that of the D96N-M state and the two tracks are more efficient. One is made of two carboxylates that are sufficiently close to form a common target. The second track is made of a cluster of three carboxylates that has even higher proton attractivity, both in pK and in rate of reaction with free proton. Thus, based on functional analysis, the protoncollecting features of the triple mutant seem to resemble those of the D96N-M state. Considering the experimental fact that the triple mutant exists as a mixture of all-trans and 13-cis (Tittor et al., 2002) a detailed structural evaluation of the parameters is premature.
CONCLUSIONS
The structure of two proteins, both considered as representative of the "late M state," has been analyzed (Luecke et al., 1999a; Sass et al., 2000; Subramaniam et al., 1999) . In both cases we noticed that the protonation of the carboxylate identified as D38 proceeds through an indirect pathway. The residue itself is partially buried with a limited accessibility of bulk ions (both protons and the pyranine anion), and its protonation is mediated by a fast proton transfer from wellexposed carboxylates.
The proton-collecting antenna was first ascribed to the cytoplasmic surface of the BR (initial) state of the WT protein, but the participating residues, identified by extensive mutation analysis, are not those identified as the collecting elements in the late M structures. The structural rearrangements in the M state allow for a more efficient protonation by a factor of ϳ3 of the partially buried residue D38 at the entrance of the re-protonation channel of BR, which by all likelihood is the proton donor for D96. FIGURE 7 Experimental signal of the triple mutant and its reconstructed dynamics. The measurements were carried out in unbuffered, 150 mM NaCl containing 3.5 M protein, 15.3 M pyranine at pH 7.86. Curve A depicts the experimental signal and its reconstruction; curves B-D reconstruct the transient protonation of track 1, track 2, and D38, respectively. The inset shows the same traces at higher time resolution.
